Introduction
============

Ketamine, which is an N-methyl D-aspartate receptor antagonist, is commonly used as an anesthetic and analgesic agent in human and veterinary procedures due to its low price and its high availability ([@b1-etm-0-0-4913]); however, research has demonstrated that long-term ketamine abuse may produce adverse symptoms of cystitis, including suprapubic pain, urge incontinence, hematuria and fluctuating lower urinary tract symptoms (LUTS) ([@b2-etm-0-0-4913],[@b3-etm-0-0-4913]), and consequently result in the development of ketamine-induced cystitis (KIC) ([@b4-etm-0-0-4913],[@b5-etm-0-0-4913]). Furthermore, although KIC has been demonstrated to be induced in abusers using high doses of ketamine ([@b6-etm-0-0-4913],[@b7-etm-0-0-4913]), it has also been observed in prescription users with much lower prescription doses of ketamine ([@b8-etm-0-0-4913]).

Numerous studies have confirmed that ketamine or its metabolites affect the urothelium of the bladder. Ketamine or its metabolites directly interact with the urothelium and result in defected bladder epithelial barrier, thus inducing the development of KIC ([@b9-etm-0-0-4913],[@b10-etm-0-0-4913]). Increasing evidence indicates that increased permeability of the urothelial barrier may result in clinical symptoms, such as pain and urgency ([@b11-etm-0-0-4913]). A study by Jhang *et al* ([@b12-etm-0-0-4913]) demonstrated that urothelial barrier dysfunction might be the possible pathophysiology of KIC. Additionally, increased permeability of the urothelial barrier results in bladder epithelial alterations, such as denudation and thinning, which are frequently observed in KIC patients ([@b4-etm-0-0-4913],[@b7-etm-0-0-4913]). Furthermore, decreased expression of E-cadherin and increased urothelial cell apoptosis are observed in KIC tissues, which are considered to be associated with the clinical symptoms of KIC ([@b13-etm-0-0-4913]). Ketamine is able to promote KIC development via the downregulation of E-cadherin expression in epithelial cells ([@b14-etm-0-0-4913]). It is therefore possible to speculate that the dysfunction of the bladder epithelial barrier may be responsible for the development of KIC; however, the ultrastructural changes of the bladder epithelial barrier in the pathogenesis of this condition remain unclear.

In the present study, a model of long-term ketamine abuse was created by injecting mice daily with ketamine to investigate the microscopic changes to the epithelial barrier and its surrounding structures. The present study aimed to investigate the changes in the bladder epithelial barrier associated with KIC. The present findings may provide a theoretical basis to elucidate the potential mechanisms of KIC.

Materials and methods
=====================

### Ethics statement

All experimental protocols were approved by the Animal Ethics Committee of Wuhan University Medical Centre (Wuhan, China).

### Animals and ketamine administration

A total of 60 8-week-old female C57BL/6 mice (weight, 19.08±1.29 g) were obtained from Renming Hospital of Wuhan University Laboratory Animal Center (Wuhan, China). Mice were maintained under a 12-h light/dark cycle at a constant temperature (21--22°C) and humidity (50%). Mice had free access to food and tap water prior to the experiments. Mice were randomly allocated into two groups, control group and ketamine treatment group, and the mice in each group were subsequently subdivided into three subgroups (4, 8 and 12 week groups; n=10 mice/subgroup). Mice received daily intraperitoneal injections of saline (control group) or 100 mg/kg ketamine (Gutian Fuxing Pharmaceutical Co., Ltd., Gutian, China) (ketamine treatment group) to model the effects of repeated ketamine abuse, which was previously described in a study by Meng *et al* ([@b15-etm-0-0-4913]).

### Micturition behavior

Micturition frequency was determined as previously described in a study by Gu *et al* ([@b10-etm-0-0-4913]). In brief, short-term micturition frequency of freely moving mice was observed at the end of 4, 8 and 12 weeks of treatment. At the end of the 4, 8 and 12 weeks, respectively, mice were placed in five separate square lattices containing a gridded filter paper pad, with each small grid containing a mouse. Filter paper was impregnated with saturated copper sulfate solution (CuSO~4~ 5H~2~O) and dehydrated at 200°C for 1 h prior to use. When urine fell onto this filter paper, the anhydrous CuSO~4~ was rehydrated and turned blue. Subsequent to 2 h, the numbers of urine spots \>0.2 cm in diameter were counted and recorded by five people independently with ultraviolet illumination.

### Histopathological and immunohistochemical analysis

Mice were sacrificed with an intraperitoneal injection of sodium pentobarbital (100 mg/kg, Sigma-Aldrich; Merck KGaA, Germany) and bladders were excised for analyses. For histopathlogical analysis, half of the bladder tissues were fixed in 4% phosphate-buffered paraformaldehyde overnight at room temperature, dehydrated in serial ethanol concentrations, cleared in xylene and embedded into paraffin wax. Serial paraffin sections of 5 µm in thickness were created, stained with haematoxylin and eosin and subsequently examined under a light microscope (Nikon Corp., Tokyo, Japan).

For immunohistochemical analysis, tissue sections were dewaxed and rehydrated with graded xylene and serial ethanol concentrations. Subsequently, immunohistochemical labeling for zonula occludens-1 (ZO-1) was performed. Following the blocking of nonspecific antibody activity using Tris-buffered saline (Sigma-Aldrich; Merck KGaA) containing 1% bovine serum albumin and 10% fetal calf serum at 37°C for 2 h, the tissue sections were incubated with primary antibody anti-ZO-1 (BSA-1543, 1:100 dilution; BioGenex, San Ramon, CA, USA) overnight at 4°C. Subsequently, hydrogen peroxide was used to eliminate the endogenous peroxidase activity at 37°C for 10 min. The distribution of ZO-1 marker was scored into two levels by two independent histologists: Normal and abnormal. If normal, the ZO-1 marker was distributed throughout the urothelium and more intensely under the umbrella cell layer with minimal expression in the cytoplasm. If abnormal, the distribution of the ZO-1 marker was patchy, absent, or expressed in the cytoplasm and not localized on cell surfaces.

### Ultrastructure of bladder samples

For ultrastructure analysis, half of the bladder tissue samples from each mouse were fixed in 2.5% glutaraldehyde buffered in 0.1 M phosphate buffer, post-fixed in buffered 1% osmium tetroxide, dehydrated using ascending grades of ethanol and dry acetone, embedded in epoxy resin, and finally left in a resin-polymerizing oven overnight at 65°C. The protocol for ultrastructure analysis was in accordance with the method published in the study by Jeong *et al* ([@b16-etm-0-0-4913]) with some modifications. Ultrathin sections of 70 nm in thickness were created, mounted on 200-mesh hexagonal copper grids and stained with lead citrate. The ultrastructural urothelium of the bladder samples was observed using a Hitachi H-600 transmission electron microscope (TEM; Hitachi, Ltd., Tokyo, Japan).

### Statistical analysis

Data are expressed as the mean ± standard error of the mean. Statistical analyses were performed using Prism v.5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Independent-samples t-tests were used to detect significant differences in micturition frequency between two groups. Fisher\'s exact test was used to measure any significant differences in ZO-1 expression. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Micturition behavior

As exhibited in [Fig. 1](#f1-etm-0-0-4913){ref-type="fig"}, the micturition frequency in the ketamine-treated and control groups were determined as 8.05+1.799 and 8.36+1.492 following 4 weeks of treatment, and there was no significant difference in micturition frequency between the two groups at this time point (P\>0.05). However, following 8 weeks of treatment, the micturition frequency in the ketamine-treated group was determined as 11.90+3.348 and was significantly increased compared with that of the control group (8.50+1.581; P\<0.01). Similar results were obtained for the micturition frequency in the ketamine-treated group (15.30+4.423) following 12 weeks of treatment, and this was significantly higher than that of the control group (8.50+1.581; P=0.001).

### Bladder pathology and immunohistochemistry

The urinary bladders of the ketamine-treated mice displayed some pathology differences when compared with the controls. When compared with the control group ([Fig. 2A](#f2-etm-0-0-4913){ref-type="fig"}), there was no significant inflammatory cell infiltration and arterial dilatation following 4 weeks of ketamine treatment ([Fig. 2B](#f2-etm-0-0-4913){ref-type="fig"}); however, arterial dilatation and congestion were observed under the submucosal epithelium of the urinary bladder following 8 weeks of ketamine treatment (indicated by arrows; [Fig. 2C](#f2-etm-0-0-4913){ref-type="fig"}). In addition to the above symptoms, inflammatory cells, predominantly lymphocytes and occasionally macrophages, had infiltrated into the submucosal epithelium of the urinary bladders of mice in the ketamine-treated group after 12 weeks of treatment (indicated by arrows; [Fig. 2D](#f2-etm-0-0-4913){ref-type="fig"}).

ZO-1 was localized to the superficial umbrella cell layer at the apicolateral junction in the majority of control group samples ([Fig. 3A](#f3-etm-0-0-4913){ref-type="fig"}); however, in the ketamine treatment groups, bladders exhibited a heterogeneous staining distribution, indicating that ZO-1 was distributed in the cytoplasm and was not absent or organized into tight junction structures ([Fig. 3B](#f3-etm-0-0-4913){ref-type="fig"}). Additionally, the number of samples exhibiting abnormal ZO-1 distribution in the ketamine-treated group was increased compared with control group, with abnormal ZO-1 distribution in 70 vs. 0% (P=0.003) following 4 weeks, 70 vs. 10% (P=0.022) following 8 weeks and 90 vs. 10% (P=0.001) following 12 weeks of treatment in the ketamine-treated and control groups, respectively ([Table I](#tI-etm-0-0-4913){ref-type="table"}).

### Ultrastructure of bladder samples

Morphological ultrastructural alterations to the uroepithelium and lamina propria of bladder cells were determined using TEM. As demonstrated in [Fig. 4A-D](#f4-etm-0-0-4913){ref-type="fig"}, the surface of the umbrella cells in the control group were suffused with raised microplicae (indicated by arrows in [Fig. 4A and B](#f4-etm-0-0-4913){ref-type="fig"}) and the cytoplasm of these cells contained multiple subapical vesicles (indicated with asterisks in [Fig. 4B](#f4-etm-0-0-4913){ref-type="fig"}). Marked changes in bladder morphology were observed in the ketamine-treated group compared with the control group. The surface of the umbrella cells appeared more flattened following 4 ([Fig. 4E-H](#f4-etm-0-0-4913){ref-type="fig"}) and 8 weeks ([Fig. 4I-L](#f4-etm-0-0-4913){ref-type="fig"}), and even diminished following 12 weeks ([Fig. 4M-P](#f4-etm-0-0-4913){ref-type="fig"}), of treatment in the ketamine-treated group compared with the control group. Thin tight junction complexes were frequently observed between the umbrella cells following 4 weeks of treatment in the ketamine-treated group ([Fig. 4G](#f4-etm-0-0-4913){ref-type="fig"}); however, these distinct junction complexes were not observed following 8 and 12 weeks of ketamine treatment ([Fig. 4K and O](#f4-etm-0-0-4913){ref-type="fig"}). In addition, the vascular endothelial cells exhibited cell body shrinkage, increased cytoplasm density and chromatin condensation following 8 weeks ([Fig. 4L](#f4-etm-0-0-4913){ref-type="fig"}) and layer denudation following 12 weeks ([Fig. 4P](#f4-etm-0-0-4913){ref-type="fig"}) of ketamine treatment.

Discussion
==========

In the present study, a 12-week murine model of ketamine abuse was created in order to characterize ultrastructural changes of the bladder epithelial barrier and its surrounding structures as a result of long-term ketamine abuse, thus elucidating the pathogenesis of KIC. Following 8 and 12 weeks of ketamine treatment, the frequency of micturitions in ketamine-treated mice was significantly increased compared with that of the controls. Additionally, histopathological analyses of the ketamine-treated bladders exhibited suburothelial congestion and mononuclear cell infiltration, and immunohistochemistry results revealed an increased abnormal distribution of ZO-1 marker in the bladders of ketamine-treated mice compared with controls. TEM analysis revealed that the surface of umbrella cells appeared more flattened, tight junctions between umbrella cells became thinner and the endothelial cells exhibited cell body shrinkage, chromatin condensation and layer denudation in ketamine-treated mice compared with the controls. These results indicate that ketamine may alter the structure and function of the bladder epithelial barrier, resulting in urinary tract damage and the development of KIC.

It has previously been reported that the long-term use of illicit ketamine is strongly associated with KIC development ([@b17-etm-0-0-4913]). Research has demonstrated that long-term use of illicit ketamine is able to produce adverse effects in the urinary tract and induce increased micturition frequency in a young Malay woman ([@b18-etm-0-0-4913]). Furthermore, a study by Meng *et al* ([@b15-etm-0-0-4913]) demonstrated that micturition frequency increased and bladder capacity decreased following 8 weeks of daily ketamine treatment in mice. In the present study, the micturition frequency was increased after 8 and 12 weeks of ketamine treatment in mice compared with saline-injected controls, suggesting that long-term ketamine use may induce urinary tract damage in mice. In addition, a previous study has demonstrated the characteristics of long-term ketamine use in humans with a history of LUTS ([@b19-etm-0-0-4913]). Bladder epithelium has been demonstrated to have an important function in providing an impermeable barrier to urinary solutes, including ammonia, potassium, urea and creatinine ([@b20-etm-0-0-4913]). The damaged barrier may result in the leakage of urine components into the urothelium layers, resulting in irritation, inflammation and symptoms of LUTS ([@b21-etm-0-0-4913]). In the present study, histopathological analyses of the ketamine-treated bladders exhibited suburothelial congestion and mononuclear cell infiltration, which were consistent with previous findings after chronic ketamine treatment in mice ([@b15-etm-0-0-4913],[@b22-etm-0-0-4913]). The results of the present study suggest that long-term ketamine use may induce bladder dysfunction and subsequently promote KIC development. Although the results suggest that urothelial barrier defects occur in KIC, it cannot be explained why ketamine and its metabolites are able to damage the urothelial cells and, therefore, this may be a limitation of the present study. Notably, a previous study demonstrated that a significant number of urothelial atypia mimicking carcinoma were observed *in situ* ([@b2-etm-0-0-4913]). In the present study, bladders of ketamine-treated mice exhibited squamous cell metaplasia following 12 weeks of treatment, leading to the hypothesis that long-term ketamine abuse may eventually contribute to the development of bladder cancer; however, whether ketamine abuse would eventually result in the development of bladder cancer is unknown and long-term follow-up studies are required.

Tight junctions between urothelial cells are essential components of the permeability barrier, and tight junction proteins, including ZO-1, are believed to have important roles in maintaining epithelial barrier function and the impermeability of the bladder urothelium ([@b23-etm-0-0-4913],[@b24-etm-0-0-4913]). Furthermore, tight junctions are able to block transepithelial ion flux, which is conducive to maintaining the transepithelial resistance of the epithelium ([@b25-etm-0-0-4913]). Accompanied by the disruption of tight junctions, surface epithelial cells exhibit raised microplicae, which are believed to fuse with the apical plasma membrane in response to changes in basolateral osmolality or stretch ([@b26-etm-0-0-4913]). ZO-1 forms tight junctions, which contributes to the impermeability of the bladder urothelium ([@b26-etm-0-0-4913],[@b27-etm-0-0-4913]). Expression of ZO-1 has been demonstrated to decrease following *in vitro* exposure to antiproliferative factor, which has been proposed to be a sensitive and specific biomarker for interstitial cystitis (IC) ([@b28-etm-0-0-4913],[@b29-etm-0-0-4913]). In the present study, thin tight junction complexes and separation of cell-cell contacts were observed in ketamine-treated mice using TEM. As well as the observation of ultrastructural changes, abnormal expression of ZO-1 proteins was observed following 8 and 12 weeks of ketamine treatment, which was also observed in bladder biopsy specimens from patients with IC ([@b30-etm-0-0-4913]). Therefore, the results of the present study suggest that long-term ketamine use may alter the permeability of the bladder epithelial barrier in the pathogenesis of KIC; however, particular limitations of this study should be acknowledged. Firstly, the present study was descriptive in nature and provided little mechanistic insight. Secondly, the results of the present study imply that ketamine treatment may lead to alterations to the permeability of bladder epithelial barrier; however, functional assessment of permeability was not conducted. Thirdly, the distribution of ZO-1 was described and not quantified, which reduces the conviction of the present study to a certain extent. Therefore, more experimental validations, such as functional assessment of permeability and qualitative and/or quantitative histopathological evaluation of ketamine-induced bladder lesions, are required.

In conclusion, the present study indicated that the structural and functional alterations to the bladder epithelial barrier as a result of the long-term use of ketamine may be key mechanisms in the development of KIC.
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![Micturition frequency of freely moving mice measured in a 2-h time period. Data are presented as the mean ± standard error of the mean. \*\*P\<0.05 and \*\*\*P\<0.01.](etm-14-04-2757-g00){#f1-etm-0-0-4913}

![Haematoxylin and eosin staining of midsagittal sections of murine bladders. Bladder sections from (A) the control group (magnification, ×400), (B) ketamine-treated mice following 4 weeks of treatment (magnification, ×400), (C) ketamine-treated mice following 8 weeks of treatment (magnification, ×200) and (D) ketamine-treated mice following 12 weeks of treatment (magnification, ×400).](etm-14-04-2757-g01){#f2-etm-0-0-4913}

![Representative immunohistochemical images of ZO-1 protein. For immunohistochemical analysis, tissue sections were incubated with primary antibody anti-ZO-1 overnight at 4°C. (A) In control mice, ZO-1 was localized to superficial umbrella cell layer at the interendothelial junctions in most samples. (B) In the ketamine group, ZO-1 located in the cytoplasm and not organized into tight junction structures, or absent. Magnification, ×200; scale bar, 100 µm. ZO-1, zonula occludens-1.](etm-14-04-2757-g02){#f3-etm-0-0-4913}

![Bladder uroepithelium and lamina propria from control and ketamine-treated mice detected using transmission electron microscopy. Bladder samples from (A-D) control mice and ketamine-treated mice following (E-H) 4, (I-L) 8 and (M-P) 12 weeks of treatment. (A, E, I and M) Cell-cell connections (magnification, ×6,000; scale bar, 3,000 nm). The gap between cells in the ketamine-treated groups (E, I and M) was wider than that observed in the control group (A). (B, F, J and N) Apical membrane of umbrella cells (magnification, ×20,000; scale bar, 1,000 nm). The control group (B) exhibited a normal appearance, with numerous subapical vesicles (asterisks) and raised microplicaes (arrows). Rare subapical vesicles and raised microplicaes were observed in the ketamine treatment groups (F, J and L). (C, G, K and O) Junctional complexes (magnification, ×30,000; scale bar, 600 nm). Control group (C) exhibited distinct tight junctional complexes, whereas the ketamine treatment groups (G, K and O) exhibited broken junctional complexes. Cells from the bladders of mice treated with ketamine for 4 weeks lost their cytoplasmic density. (D, H, L and P) Bladder lamina propria (magnification, ×3,500; scale bar, 6,000 nm). The control group and 4-week ketamine treatment group exhibited normal appearance of lamina propria. Vascular endothelial cells of the 8-week ketamine treatment group exhibited cell body shrinkage, cytoplasm density increase and chromatin condensation. The 12-week ketamine treatment group exhibited discontinuity in the umbrella cell layer and denuded epithelium.](etm-14-04-2757-g03){#f4-etm-0-0-4913}

###### 

Distribution of ZO-1 protein in each group.

  Treatment duration (weeks)   ZO-1 distribution   Ketamine (%)   Control (%)   P-value^[a](#tfn1-etm-0-0-4913){ref-type="table-fn"}^
  ---------------------------- ------------------- -------------- ------------- -------------------------------------------------------
  4                                                                             0.003
                               Normal              3 (30)         10 (100)      
                               Abnormal            7 (70)         0 (0)         
  8                                                                             0.022
                               Normal              3 (30)         9 (90)        
                               Abnormal            7 (70)         1 (10)        
  12                                                                            0.001
                               Normal              1 (10)         9 (90)        
                               Abnormal            9 (90)         1 (10)        

Fisher\'s exact test. ZO-1, zona occludens-1.
